Using the Vienna ab initio simulation package (VASP) incorporating both semiempirical and nonlocal van der Waals interaction, the structural, adsorption, and magnetic properties of Ni/BN/Co systems were investigated. We proposed that the relative spin direction of Ni and Co magnets can be easily tuned, because the total energy difference between ferromagnetic (FM) and antiferromagnetic (AFM) states is small. Despite this feature, very interestingly, both Ni and Co layers manifest half-metallic state, whereas the spacer BN layer becomes weak metal for one monolayer (ML) thickness and an insulating barrier for two ML thicknesses. The half-metallic behavior of the magnetic layers seems very robust, because it is independent of the magnetic coupling between Ni and Co. This finding indicates that the Ni/BN/Co system can be used as a potential candidate for tunneling magnetoresistance system.
Introduction
The magnetic properties of thin films and magnetic multilayers have been extensively investigated owing to their potential applications in nanodevices and fundamental interests. For instance, low-dimensional magnetic systems is used as high-density magnetic information storage, spin filtering sensors, and magnetic random memory access [1] [2] [3] [4] [5] . In thin film systems, the magnetic property is well known to strongly depend on the alteration of the geometry and the underlying electronic structure.
Hexagonal boron nitride (h-BN) has a band gap energy of 5 eV and is known to bind with many transition metals. The interaction of the BN layer with metal surfaces has been well studied [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Experimentally, a single layer and multilayers of BN on different metallic substrates have been successfully synthesized. Recently, it has been proposed that a BN sheet can be used as a spacer for the magneto resistive junctions with 100% magnetoresistance (MR) ratio [16, 17] . Therefore, the study of the structural, electronic, and magnetic properties of metals with BN will be interesting. From a theoretical point of view, it is not adequate to describe the physical properties of the hybridized system of metal and layered-structure material by using the conventional exchange and correlation functions such as the local density approximation (LDA) or generalized gradient approximation (GGA) method. For example, the adsorption energy calculation by the LDA and GGA methods shows that the graphene/BN, graphene/ Ni, and Ni/BN hybridized structures cannot be stable, and the same feature is found in the BN layer on Co metal surface [18] , and such hybridized systems have been synthesized [19] [20] [21] . This discrepancy between the theory and experiment stems from an inaccurate description of the exchange and correlation for the layered-structure materials. Recently, the importance of van der Waals interaction in such materials has been discussed, and mostly four different types of van der Waals density functional theory, namely, DFT-D2, vdW-DF2, optPBE-vdW, and optB88-vdW [22] [23] [24] [25] [26] , are widely used. However, extensive and systematic studies for potential spintronics by using the state-of-the-art van der Waals density functional theory are rarely reported. In this regard, our objective was to investigate the structural, adsorption, and magnetic properties of Ni/BN/Co systems by the van der Waals density functional method.
Numerical Method
The Vienna ab initio simulation package (VASP) [27, 28] using a plane wave basis set was used. The core . The convergence criterion for energy was set to 0.1 meV. All the reported results were obtained at a very high plane-wave energy cut-off of 700 eV. Both semiempirical (DFT-D2) and nonlocal van der Waals (opt-PBE) interactions were used, and the structure optimization was performed via energy and force minimization procedures. Moreover, the FM and AFM spin configurations were considered to find out the magnetic ground state. To understand the role of the BN thickness, ground state adsorption geometry and the effect of the substrate on adsorption energy, the BN thickness was changed from one monolayer (ML) to two MLs; the thickness of the Ni layer was also varied from one ML to two ML coverage. Herein, the BN layers were assumed to follow the bulk h-BN structure so that AB stacking between the two BN layers could be considered in our calculation. In contrast, the Co layer was fixed to two MLs. Consequently, we explored the following systems: Ni(1ML)/BN(1ML)/Co(2ML), Ni(1ML)/BN(2ML)/Co(2ML), Ni(2ML)/BN(1ML)/Co(2ML), and Ni(2ML)/BN(2ML)/ Co(2ML). The two MLs of Co are considered as the substrate layers, and the lattice constant of Co(111) (2.506 Å) was used in our calculations. Thus, the Ni and BN over layers were assumed to grow pseudomorphically on the Co substrate. The lattice constants of Co, BN and Ni are very close to each other, and thus the overall induced strain in the BN and Ni lattice was < 1%.
Numerical Results
The optimized structure of the BN/Co systems was already reported in the literature [18, 29] , Indicating that the N atom was located on the top of Co atoms, whereas the B atoms resided in the fcc sites [18, 29] . Herein, by taking the advantage of these results, the adsorption site of the Ni layer on BN/Co(111) was easily found. Fig. 1 shows the schematic illustrations of four possible adsorption sites of the Ni layer such as N-top, B-top, hollow, and bridge sites for Ni(1ML)/BN(1ML)/Co(2ML) and Ni(1ML)/BN(2ML)/Co(2ML). The red, blue, pink, and gray balls stand for Co, N, B, and Ni atoms, respectively. For Ni(2ML)/BN(2ML)/Co(2ML), we assumed that the stacking of the second Ni layer followed the pristine Ni (111) structure. The two Co (Ni) layers preferred to ferromagnetically couple to each other. Hence, the FM and AFM configurations between the Co and Ni layers separated by a BN spacer were investigated.
The total energy of B-top with the FM state was set to zero as the reference. As listed in Table 1 , the total energy calculations were not consistent, because the ground state adsorption site varies according to the van der Waals interaction types used for the total energy calculations. Moreover, the energy difference between the two magnetic states (FM and AFM states) was rather small. This finding indicates that the most stable adsorption structure and the relative magnetization of the two magnets may depend on the sample growth conditions. Moreover, our results show that the exact description of van der Waals interaction still remained an open question and need further investigation. However, despite this inconsistency in the ground state structure, the Ni/BN/Co system was stabilized via the adsorption energy calculation. The adsorption energy (E ads ) was obtained by using the following equation.
where E BN/Co and E Ni are the total energy of the BN/Co hybridized system and the total energies of the freestanding Ni layer, respectively, and E Ni/BN/Co is the total energy of the Ni/BN/Co hybridized system. The calculated adsorption energies of Ni(1ML)/BN(1ML)/Co(2ML) werẽ 280 and 213 meV by the DFT-D2 and optPBE-vdw methods, respectively, and this result was substantially different, because the hybridized systems were not stable when the LDA and GGA methods were used. For Ni(1ML)/BN(2ML)/Co(2ML), the calculated adsorption energies were 218 and 157 meV by the DFT-D2 and optPBE-vdw methods, respectively. Overall, the Ni layer was physisorbed on the BN/Co system, and the optimized interlayer distances were found by the DFT-D2 method in Table 2 . The general trend of the interlayer distances calculated by other van der Waals interactions was almost the same. For Ni(1ML)/BN(1ML)/Co(2ML) system, the buckling behavior was found in the BN layer. More specifically, the B atoms moved to the Co side, whereas the N atoms were repelled from the Co layer. This buckling feature of BN agreed well with the previous study [29] . In Ni(1ML)/BN(2ML)/Co(2ML) structure, the buckling feature was found in the BN layer adjacent to Co S , whereas the second BN layer next to Ni was almost flat. Thus, the buckling effect occurred only in the nearest neighbor layer from the Co substrate. As described earlier, the adsorption energy was suppressed in Ni(1ML)/ BN(2ML)/Co(2ML) as compared to that in Ni(1ML)/ BN(2ML)/Co(2ML), because of the buckling of the BN layer. The same phenomenon for the adsorption energy because of the geometrical effect of the BN layer was observed in the graphene/BN/Co (111) systems [18] . The calculated density of the states (DOS) of each system was obtained by the DFT-D2 method. Fig. 2 shows the DOS of the FM and AFM spin configurations of Ni(1ML)/BN(1ML)/Co(2ML). First, half-metallic states were clearly observed for both the Co and Ni layers, and the single BN layer shows metallic state, but the DOS at the Fermi level is quite weak. In the AFM configuration, both the magnetic layers and BN still showed the same trend except the change in the relative spin direction between the Ni and Co magnets. Fig. 3 shows the DOS of Ni(1ML)/BN(2ML)/Co(2ML). The essential feature was still maintained in both the Ni and Co layers, and this was again independent of the relative spin direction of the magnetic layers. However, in this case, the BN adjacent to Ni became an insulating layer, whereas the BN layer next to the Co layer showed a weak metallic state; however, the DOS at the Fermi level was almost negligible. For all the systems with different functionals, both Co s-1 and Co s had the magnetic moments in the range 1.71-1.75 and 1.61-1.69 µ B inside the Wigner-Seitz radius, respectively. In contrast, Ni showed a magnetic moment in the range 0.79-0.83 μ B inside the Wigner-Seitz radius. Because of the magnetic Co layer at the interface between Co and BN, small magnetic moments in the range −0.014 and 0.013 µ B were observed for B and N atoms, and this was independent of the relative spin direction in the Ni layer. As indicated above, the magnetic moment of Co is much larger than that of Ni, indicating that the induced magnetic moment in the BN layer is mostly affected by the Co layer, and this behavior is clearly seen from the DOS. Our calculated DOS and magnetic moments are well in accordance with each other. Fig. 4 shows the DOS of Ni(2ML)/BN(2ML)/Co(2ML) system, showing the similar behavior. As a result, a halfmetallic state, independent of film thickness, was observed. The same behavior was observed with the different van der Waals approaches, but the calculated results are not shown here. For spin dependent transport in a magnetic tunnel junction structure, the electronic structure at the interface plays an essential role. Thus, the half metallicity observed in this system can provoke very interesting issues for tunneling magnetoresistance (TMR) or spin injection studies. Because of the half-metallic behavior at the interface layer and the insulating character of the BN layer, a high TMR ratio was expected for this structure. The AFM state can be achieved in some cases because of the rather small energy difference. Nonetheless, this will not cause any problem for a high TMR ratio. In an asymmetric structure such as in our system, the coercivity field of one magnetic layer will be smaller than that of the other layer, and the relative magnetization will be easily tuned, resulting in the same physics.
Summary
In conclusion, the structural, adsorption, and magnetic properties of Ni/BN/Co systems were investigated using both the semiempirical and nonlocal van der Waals interactions. The adsorption of the Ni/BN/Co system showed a stable structure, whereas the conventional calculations by the LDA or GGA methods fail to explain such adsorption. The buckling of the BN spacer layer was affected by the Co layer, thus enhancing the adsorption energy; however, the effect of buckling is limited only to the nearest neighbor with respect to the Co substrate. Interestingly, both the Ni and Co magnetic layers show half-metallic states, and in particular this half metallicity at the interface is independent of the relative magnetization of Ni and Co and film thickness. This finding may indicate that the Ni/ BN/Co structures can be an ideal system for a large magnetoresistance, because one spin current will be significantly suppressed, resulting in a large TMR ratio. 
